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Zielsetzung und Zusammenfassung 
Über die letzten Jahrzehnte wurde eine große Anzahl von chemischen Reaktionen entwickelt, die 
kompatibel mit bioinspirierten, biotechnologischen und biomimetischen Molekülen sind und den 
gegenwärtigen Anforderungen des kontinuierlich wachsenden Repertoires von Konjugationstechniken 
entsprechen. Die Wahl des geeigneten Ansatzes aus der Toolbox der sogenannten bioorthogonalen 
Methoden ist allerdings immer einzelfallabhängig. Das zentrale Ziel der vorgestellten kumulativen 
Arbeit war deshalb die Konzeption und Entwicklung von neuen kombinierten „orthogonalen 
bioorthogonalen“[1] Synthesestrategien, d.h. die Entwicklung von bestimmten chemo- und 
regioselektiven Reaktionen für die Synthese von makromolekularen Konjugaten mit 
maßgeschneiderten Eigenschaften. Dazu wurde eine Vielzahl von Verbindungen aus verschiedenen 
molekularen Klassen untersucht, darunter kleine Zytotoxine und Oligopeptide, hoch geordnete 
kubisch-oktamerische Silsesquioxane (COSS), kristalline Nanocellulose und funktionelle Proteine. Für 
jedes, in dieser Arbeit beschriebene Konjugat wurde eine individuelle bioorthogonale Synthesestrategie 
entwickelt, die die intrinsischen Eigenschaften, speziellen Anforderungen und verschiedenen 
Restriktionen der jeweiligen Reaktionspartner berücksichtigt.  
Um eine tragfähige und reproduzierbare Syntheseplattform zu etablieren, wurden drei eigenständige 
Studien durchgeführt, die jeweils eine Reihe von selektiven chemischen Reaktionen zwischen 
speziellen funktionellen Molekülen mit den jeweiligen Gegenstücken enthielten. Unter 
Berücksichtigung, dass Bio-(makro)moleküle sehr komplex und vielfältig sind, sollte der 
Konjugationsansatz die erforderliche Bioorthogonalität, sowie Flexibilität hinsichtlich Effizienz, 
Erschwinglichkeit und Leichtigkeit des Zugangs bieten. 
Jede individuelle Studie im Rahmen dieser Arbeit adressierte die Kupplung von zwei oder mehr 
molekularen Strukturen zur Erzeugung molekularer definierter Konstrukte. Alle drei vorgestellten 
Studien enthielten drei wesentliche Zielsetzungen: 
 das Design eines Strukturgerüst-Liganden Systems;  
 die Ausarbeitung/Konzeption und Anwendung einer speziellen Synthesestrategie;  
 die Untersuchung der Bioaktivität, falls erforderlich. 
Das Ziel der ersten Studie war die Immobilisierung von Proteinen unterschiedlicher Größe und 
Komplexität auf ein kristallines Nanocellulose Strukturgerüst. Als Liganden wurden drei 
Biomakromoleküle ausgewählt: ein grün- fluoreszierendes Protein, ein Enzym, Galaktose Oxidase und 
ein anti-Lysozym Haiantikörper. Die spezifischen Konjugate sollten die Eigenschaften der 
immobilisierten Proteinen mit den intrinsischen Charakteristika der Cellulose Nanokristalle, wie 
niedrige Toxizität, Wasser- und Biokompatiblität sowie die, durch ihr nanoskaliges Format bedingten 
offensichtlichen Vorteile, vereinen.  
Die zweite Arbeit zielte auf die Entwicklung einer tragfähigen Strategie für die Biofunktionalisierung 
eines der kleinsten bekannten Nanopartikel, kubisch-oktamerische Silsequioxane (COSS), mit 
Peptiden. Zunächst sollte eine Vorstudie für die passende Konjugationsplattform mit verschiedenen 
peptidischen Reaktionspartnern durchgeführt werden. Peptide von unterschiedlicher Länge und 
Architektur wurden untersucht, darunter eine enzymatische Erkennungssequenz, Cystin-Knoten 
Miniproteine, ein Integrin bindendes und ein antimikrobielles Peptid, sowie ein Inhibitor einer 
therapeutischen Protease. Das Design der Synthese, vor allem die Wahl eines geeigneten 
bioorthogonalen Verfahrens sollte unter der Prämisse erfolgen, dass das COSS-Gerüst in Gegenwart 
von bestimmten Nukleophilen instabil ist 
Die dritte Studie war auf die Synthese eines Wirkstofftransportmoduls fokussiert, das aus einem 
kubisch-oktamerisches Silsesquioxan (COSS) Gerüstmolekül mit zellpenetrierenden Eigenschaften und 
Doxorubicin, ein cytotoxischen Anthracyclin Antibiotikum, besteht. Dieses komplexe Konstrukt sollte 
die Zellaufnahme des Wirkstoffes erleichtern und diesen in der Zelle freisetzen. Die Einschränkungen 
bezüglich der Stabilität des COSS-Gerüstes sollten ebenfalls berücksichtigt werden.  
Die Ergebnisse der kumulativen Forschungsarbeit sind in Schema 1 zusammengefasst.  
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Schema 1: Übersicht über die Gerüstmolekül-Liganden Paare und die jeweilige Ligationsstrategie, die für die Synthese der 
gewünschten Konjugate entwickelt wurde. 
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Die erste Studie (Angew. Chem. Int. Ed., 2014, 53, 12618-12623) adressierte die Entwicklung eines 
ortsgerichteten, bioorthogonalen und modularen Syntheseansatzes für die Immobilisierung von 
Biomolekülen auf einer kristallinen Nanocellulose (CNC) Plattform (Schema 1, oben). Das ultimative 
Ziel war die kovalente, chemoselektive Immobilisierung von bioaktiven Proteinen auf der Oberfläche 
von CNC – einer nachhaltigen, natürlichen makromolekularen Verbindung.  
Die Herausforderung dieser Studie war, die allgemeinen Nachteile der üblicherweise verwendeten 
Proteinkonjugationsmethoden bezüglich verbesserter Selektivität und Einsatz unter physiologischen 
Bedingungen in wässrigem Milieu zu vermeiden. Zu diesem Zweck wurde ein generisches 
Zweistufenverfahren entwickelt, das auf einer Reihe von effizienten orthogonalen Reaktionen basiert, 
die Notwendigkeit von organischen Lösungsmitteln vermeidet und dadurch kompatibel mit 
physiologischen Systemen ist. Unter Verwendung von effizienter Oximligation und anschließender 
Sortase-vermittelter Konjugation zeigte die Synthesestrategie die erforderliche Regiospezifität und 
Biokompatibilität, die die Anwendung auf eine große Anzahl von funktionellen Proteinen ermöglicht. 
Durch die TEMPO-vermittelte Oxidation der oberflächenexponierten CNC-Hydroxylgruppen konnte 
zunächst ein kleiner Fluorophor immobilisiert werden, der die Detektion von Aminooxy-adressierbaren 
Oberflächenaldehyden ermöglichte. Die anschließende Oximierung mit dem peptidischen Linker 
wurde validiert und führte zu Sortase A adressierbaren Positionen auf dem CNC-Träger. Anschließend 
wurde die Enzym-vermittelte Oberflächenimmobilisierung mit drei Proteinen aus unterschiedlichen 
Klassen, von verschiedener Größe, Komplexität und Bioaktivität unter Erhalt ihrer biologischen 
Funktion durchgeführt. 
In dieser Arbeit wurde, aufgrund erhöhter katalytischer Eigenschaften, eine gentechnisch mutierte 
Variante der Sortase A (eSrtA) verwendet. Zusätzlich konnte gezeigt werden, dass die definierte 
Orientierung durch die ortsselektive Kupplung der Proteinliganden, im Vergleich zu zufällig 
immobilisierten Proteinen, in einer verbesserten Bioaktivität resultierte. Unter Berücksichtigung dieser 
Erkenntnisse, kann zusammenfassend gesagt werden, dass diese nachhaltigen, nanoskaligen 
Biomaterialien eine exzellente Plattform für die spezifische Immobilisierung von anspruchsvollen 
Makromolekülen für biomedizinische Zwecke, Wirkstofftransport oder –ablagerung darstellen.  
Die zweite Studie (Chem. Commun., 2015, 51, 11130-11133) widmete sich der Entwicklung einer 
Synthesestrategie für die Generierung eines hybriden organisch-anorganischen Konstruktes, unter 
Verwendung eines der kleinsten bekannten kubisch-oktamerischen Nanopartikel (COSS) und eines 
funktionellen, peptidischen Konjugationspartners (Schema 1, mittig). In den Proof-of-Concept 
Experimenten wurde die Anwendbarkeit des modularen synthetischen Ansatzes, der die Generierung 
von N-terminalen Peptidaldehyden, effiziente Oximligation und Diels-Alder Reaktion mit inversem 
Elektronenbedarf (DARinv) kombiniert, anhand der Konjugationen von linearen, Cystin-cyclisierten und 
multi-Disulfid-verbrückten funktionellen Peptiden demonstriert. Zusätzlich wurde die Strategie auf die 
Synthese von Konstrukten mit komplexen Strukturen erweitert. 
Im Rahmen dieser Arbeit wurde die Diels-Alder Reaktion mit inversem Elektronenbedarf (DARinv) 
wegen ihrer Biokompatibilität und schnellen Reaktionskinetik für die Synthese von Biokonjugaten, 
bestehend aus Peptiden mit unterschiedlicher Länge, molekularer Komplexität und biologischen 
Eigenschaften, ausgewählt. Zudem hat diese spezielle Reaktion den Vorteil, dass ihr zweiter Schritt 
aufgrund der Abspaltung von molekularem Stickstoff irreversibel ist und somit das Gleichgewicht auf 
die Seite der Produktbildung verschiebt. 
Um die orthogonal adressierbaren Funktionalitäten zu erzeugen, enthielten die synthetisierten 
Bausteine eine Aminooxy-Einheit jeweilig kombiniert mit einem Tetrazin oder Reppeanhydrid. Diese 
bifunktionellen Einheiten waren synthetisch leicht zugänglich und wurden in eine Vielzahl von 
molekularen Konstrukten installiert, ohne deren strukturelle Eigenschaften zu beeinträchtigen. 
Sukzessive Reaktion über die DARinv resultierte in definierten Konjugaten mit gutem bis quantitativen 
Umsatz. Die Modularität dieses synthetischen Zweistufenverfahrens bietet den Vorteil, dass sobald die 
DARinv-Einheit in das Molekül von Interesse installiert wurde, es mit jedem gewünschten 
Reaktionspartner reagieren kann. Somit ist dieses Verfahren für die Generierung von 
Peptidkonjugaten, sowohl mit synthetischen als auch rekombinanten Peptiden, anwendbar. 
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Die dritte Studie, die im Rahmen dieser Arbeit durchgeführt wurde, (Angew. Chem. Int. Ed., 2016, 55, 
14842–14846) zielte auf die Ausarbeitung einer synthetischen Strategie für hybride organisch-
anorganische kubisch-oktamerische Silsesquioxan-Derivate und deren Anwendung als Gerüstmolekül 
für die Generierung eines zellpenetrierenden Transportsystems (Schema 1, unten). In einer 
vorherigen Studie wurden die zellpenetrierenden Eigenschaften von Ammonium-funktionalisierten 
COSS-Nanopartikeln und ihre Akkumulation im Nukleoli nachgewiesen. Basierend auf diesen 
Ergebnissen war der nächste Schritt die Entwicklung von neuen COSS-Partikeln mit positiv geladenen 
flankierenden Armen und die Untersuchung ihrer zellpenetrierenden Eigenschaften. Der Transport 
eines therapeutischen Wirkstoffes in lebende Zellen sollte die Funktionsfähigkeit der neuen Generation 
von molekularen Transportern zeigen. 
Im Rahmen dieser Studie wurde gezeigt, dass die entwickelten guanidierten COSS-Nanopartikel 
(GuCOSS) eine viel höhere und schnellere Zellaufnahme zeigten als die üblicherweise verwendeten 
zellpenetrierenden Peptide (z.B. TAT, Penetratin, Hepta- und Dekaarginine). Diese Effizienz (78-fach 
höher als bei Heptaarginin, das die gleiche Art und Anzahl von geladenen Gruppen trägt) kann durch 
die geringe Größe und die dadurch bedingte hohe Ladungsdichte um den COSS-Kern erklärt werden.  
Interessanterweise zeigten sich unsere neuartigen, zellgängigen Module promiskuitiv hinsichtlich der 
Zielzellen. Tatsächlich wurde eine effiziente zelluläre Aufnahme in verschiedene Zellarten beobachtet, 
darunter Gram-negative Bakterien (Escherichia coli), Hefe (Saccharomyces cerevisiae) und Archeen 
(Sulfolobus islandicus, Sulfolobus tokodaii, Halobacterium salinarum) sowie humane Krebszelllinien. Da 
die Zellaufnahme bei 4°C im Vergleich zu der bei 37°C nur unwesentlich reduziert war, wurde ein 
energieunabhängiger Mechanismus vorgeschlagen. Zusätzlich degradiert der COSS-Kern innerhalb der 
Zelle und für die Einzelkomponenten an sich wurde keine bis niedrige Toxizität vorhergesagt. Diese 
Erwartung wurde durch die Untersuchung der Zellaufnahme, Toxizität und Degradation des GuCOSS-
Moduls bestätigt. 
Als Proof-of-Concept Cargo für den intrazellulären Transport wurde der therapeutische Wirkstoff 
Doxorubicin verwendet, da dieser in freier Form nur sehr langsam durch passive Diffusion in die Zelle 
permeieren kann. Doxorubicin wurde über eine Disulfidbrücke an den hocheffizient-zellpenetrierenden 
heptaguanidierten COSS-Nanopartikel konjugiert. Das jeweilige Oktaammonium COSS-Derivat wurde 
dafür an einer Ecke mit einem Cystein, funktionalisiert. Anschließende Guanidinylierung der 
verbleibenden Amine, gefolgt von der Bildung einer Disulfidbindung über das Aldrithiol™-2-
modifizierte Zytotoxin resultierte in einem hybriden zellpenetrierenden Konjugat an das ein Wirkstoff 
eine Disulfidbrücke angebunden ist. Die Disulfidbrücke sollte in dem reduzierenden Milieu des 
Zytoplasmas gespalten werden und das Zytotoxin freigeben. Die durchgeführten Zytotoxizitätsstudien 
der Hybride zeigten eine erhöhte Toxizität gegenüber dem freien Wirkstoff. Zusätzlich konnte die 
Inkubationszeit durch die schnelle Zellaufnahme signifikant reduziert werden. Da es viele Wirkstoffe 
gibt, die nicht zellgängig sind und/oder schlecht wasserlöslich, z.B. Hygromycin, Ispinesib etc. eröffnet 
der GuCOSS-basierte molekulare Transporter neue Wege für die erleichterte Aufnahme dieser 
Therapeutika. 
Zusammengenommen leisten die Ergebnisse dieser kumulativen Forschungsarbeit, im Hinblick auf die 
Anwendbarkeit, Vielseitigkeit, Zuverlässigkeit und Kompatibilität mit komplexen molekularen 
Strukturen, unabhängig ihres Ursprungs, einen Beitrag zur Toolbox der modernen, bioorthogonalen 
Methoden. Darüber hinaus erweitert die Kombination von klassischer Chemie mit modernen, 
biokompatiblen Ligationsmethoden, darunter beispielsweise Enzym-unterstützte Reaktionen, das 
Spektrum bioorthogonaler Konjugationsstrategien.  
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1. Introduction 
“Bioconjugate chemistry is the study of linking one molecule to another by chemical or biological means. 
The resulting complexes will typically be formed from at least one biomolecule, though they can also be 
purely synthetic molecules with a biological application.”[2] 
One of the main goals in a broad range of chemical disciplines and applied areas of chemistry, among 
them medical biology, material sciences, physical chemistry, biochemistry, chemical engineering, etc. is 
the generation of complex molecular constructs with tailored properties and predetermined activity. 
Within the wide spectrum of such constructs, the architectures comprising biomolecular or 
biocompatible counterparts are at the top of hierarchy in frames of molecular complexity, structural 
variety, and functional diversity. Today’s challenges faced by modern research comprise the 
conjugation of molecules of different classes and origin, with surface immobilization of nanomaterials 
or the modification of insoluble polymers being the prominent examples.[3] Since no conventional 
methods of chemical synthesis match these sophisticated design formats, different classes of building 
blocks with unique characteristics are required. Depending on the properties and the chemical 
sensitivity of the respective reaction partners, the development of conjugation strategies based on the 
suitable chemical transformations is of high scientific interest and applicative demand.  
 
2. Objective 
The presented cumulative work was focused on the development of a multivariable synthetic strategy 
enabling covalent attachment of functional biomolecules to the molecular scaffolds of interest under 
preservation of their structural features and activity. To establish a viable and reproducible synthetic 
platform, three self-contained studies were envisaged, each comprising a set of selective chemical 
reactions between particular functional molecules with respective counterparts. Taking into 
consideration that bio(macro)molecules are rather complex and diverse, the respective conjugation 
approach had to provide the required bioorthogonality and versatility in frames of efficiency, 
affordability and facility of access.  
Each individual research within the scope of this thesis addressed the coupling of two or more 
molecular architectures for the synthesis of highly defined molecular constructs. Every presented study 
comprised three major objectives: 
 design of a scaffold-ligand system;  
 elaboration and application of a particular synthetic strategy;  
 assessment of bioactivity if required. 
The first study was aimed at the immobilization of proteins of different size and complexity on a 
crystalline nanocellulose (CNC) scaffold. As ligands, three biomacromolecules were chosen: a green 
fluorescent protein, an enzyme galactose oxidase, and an anti-lysozyme shark antibody. These specific 
conjugates should combine the properties of the immobilized proteins with the intrinsic characteristics 
of the cellulose nanocrystals, such as low toxicity, water- and biocompatibility as well as obvious 
advantages given by their nanosize. 
The second investigation was devoted to the development of a viable strategy for the 
biofunctionalization of one of the smallest known nanoparticle, cube-octameric silsesquioxane (COSS), 
with peptides. As a preliminary study, a suitable conjugation platform should be examined using 
reaction partners of peptidic nature. Various peptides featuring different length and architecture must 
be investigated, among them an enzyme recognition motif, cystine-knot miniproteins, an integrin-
binding and an antimicrobial peptide as well as an engineered inhibitor of a therapeutic protease. 
Synthesis design, especially considering the choice of an appropriate bioorthogonal method, proceeded 
from a premise that COSS core is not stable in basic milieu and in the presence of certain nucleophiles. 
The third work was focused on the synthesis of a drug delivery module comprising a cube-octameric 
silsesquioxane (COSS) scaffold with cell-penetrating properties and doxorubicin, a cytotoxic 
anthracycline antibiotic. Furthermore, this sophisticated construct should release the doxorubicin 
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payload upon cellular uptake. The restrictions of COSS template considering its stability issues should 
be taken into account as well. 
 
 Preface: Toolbox of conjugation chemistry  
Generally, conjugations of molecular partners can be divided into three main groups: 1) the linkage of 
molecules of the same class, involving biomolecular, polymeric, or small-molecule conjugates; 2) the 
linkage of macro- and small molecules, e.g. antibody-drug or protein-peptide conjugates; and 
3) linkage of macromolecules from different classes, e.g. hybrid constructs such as polymer-
biomolecule/drug/peptide conjugates, or the marriage of nanoparticles with biomolecules. Typically, 
these linkages of two or more molecular partners are classified considering their nature of binding, 
namely, non-covalent interactions or covalent connections.[3b] Although non-covalent immobilization 
techniques comprising adsorption, affinity-driven, electrostatic or hydrophobic interactions[4] have 
been extensively explored and optimized, they were not considered for this work focused on the 
generation of highly defined constructs. The covalent conjugations, which can also be subdivided into 
site-selective transformations and “random grafting” approaches, have to be carefully considered for 
each individual case as every reaction partner usually exhibits unique intrinsic properties. 
Consequently, reliable chemistries besides the common reactions, which make use of inherent 
functionalities, are of high demand. 
To address this problem, numerous (bio-)conjugation methods have been explored and established 
throughout the past decades, expanding the toolbox of orthogonal, posttranslational modifications of 
biological and polymeric macromolecules.[5] Typically, such bioorthogonal reactions are chemical 
transformations featuring compatibility with and inertness towards biological systems. The term or the 
concept of bioorthogonality was introduced in 2004 by Bertozzi et al.: “Selective chemical reactions that 
are orthogonal to the diverse functionality of biological systems are now recognized as important tools in 
chemical biology...these bioorthogonal reactions have inspired new strategies.”[6] 
The bioorthogonal modifications can be achieved either by applying the inherent functionalities 
naturally present in biomolecules or by chemical or biosynthetic derivatization with non-natural 
addressable groups or recognition units exhibiting site- and, moreover, chemoselectivity towards their 
coupling partners. Additionally, the respective chemical transformation involving such functionalities 
should be highly efficient under physiological conditions.[7] The required solitary reactive non-natural 
moieties are introduced genetically or incorporated via post-synthetic modifications as a 
complementary strategy to recombinant options. However, chemical modifications are often a method 
of choice for the manufacturing of highly defined macromolecular constructs with tailored properties.  
To date, various strategies have been reported to modify side chains of canonic amino acids in 
biomacromolecules, especially those bearing primary amines or thiols. Nonetheless, the scope of this 
chemistry is rather limited and it often lacks the adequate selectivity. Therefore, a number of 
alternative approaches have been developed to selectively address a single moiety within proteins or 
enzymes while preserving the orthogonality towards the inherent functional groups. To date, a 
plethora of related bioconjugation techniques classified as chemical ligations and enzymatic 
transformations have been reported. Chemical methods involve e.g. periodate oxidation of β-amino 
alcohols towards highly reactive N-terminal glyoxylyl moieties, hydrazide and hydrazone formation, 
oximation, Staudinger ligation as well as numerous “click” reactions, among them copper-catalyzed or 
copper-free cycloadditions.[8] 
However, most chemical methods can be hardly applied to biomacromolecules. Indeed, these highly 
ordered, sophisticated architectures, most of them possessing a peculiar fold, are often not compatible 
with organic solvents, metal catalysts or strongly acidic/basic milieu. Therefore, protein modifications 
have been established that involved site-specific manipulations such as N- or C-terminal protein 
derivatization, modification of non-native functionalities, recombinant protein ligation, and side-chain 
functionalization of amino acids.[9] Plenty of conjugates have been synthesized via orthogonal ligation 
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methods, ranging from rather trivial fluorescently, radiolabeled or small-molecule-marked peptides to 
complex multifunctional architectures like antibody-drug conjugates or even organic-inorganic hybrids.  
The following chapter will give a brief introduction to the conjugation methods as well as the 
respective scaffold-ligand pairs relevant for this work. Recent developments and applications will be 
outlined as well.  
 
 Chemical modification of macromolecules 
Orthogonal reactions targeting non-natural functional groups in biomacromolecules often make use of 
carbonyl (ketone and/or aldehyde) chemistry. The introduction of these highly electrophilic groups 
can be achieved upon recombinant expression (via a recognition tag for enzymatic transformations[10] 
or by the incorporation of unnatural amino acids[11]), during the course of chemical synthesis 
(introduction of non-natural building blocks) as well as upon chemical transformation of inherent 
groups (periodate or pyridoxal phosphate oxidation). Obviously, biomolecules of a certain size are 
beyond the scope of chemical synthesis. The enzymatic transformations will be discussed in chapter 
1.3.  
 
2.2.1. Introduction of reactive carbonyls  
Sodium periodate is known for decades to oxidize vicinal diols,[12] sugars and sugar-based polymers[13] 
as well as threonine and serine[14] to aldehydic moieties. In case of peptides and proteins it is often the 
method of choice allowing to selectively generate an N-terminal glyoxylyl moiety under very mild 
conditions. Indeed, this reaction does not interfere with the structural elements of biomolecules or 
affect their biological activity. Nevertheless, short reaction time and moderate excess of periodate are 
required to avoid over-oxidation of sulfide-bearing side chains.[15] The reaction is usually performed in 
aqueous media at neutral pH; low concentrations of sodium periodate are required.[16] However, 
oxidation has to be performed in the dark, as the dissolved sodium periodate is known to slowly evolve 
ozone in course of a photochemical reaction.[17] The mechanism of NaIO4 oxidation involves a cyclic 
intermediate and proceeds under the loss of formaldehyde and ammonia (figure 1).[14]  
 
 
Figure 1: Reaction mechanism of serine oxidation by sodium periodate. Modified after Agten et al.[18] 
 
Since its discovery, the periodate oxidation method has been used for a vast number of conjugation 
approaches, including the ligation of peptidic molecules,[16, 19] the synthesis of antibody-drug 
conjugates (ADCs)[20] or the oxidation of sugar moieties, e.g. in therapeutic cytotoxins doxorubicin and 
daunomycin, to crosslink them to immunoglobulins under the preservation of both antibody and drug 
activities.[21] 
Particularly the N-terminal serines have been found to be well accessible in synthetic peptides and 
proteins since they can be easily introduced both during the course of solid-phase peptide synthesis 
(SPPS) and upon recombinant production via a genetically encoded TEV-site. The TEV protease is a 
cysteine protease derived from the Tobacco Etch Virus, which cleaves the peptide bond between the 
glutamine and serine or glycine, respectively, within its peptidic recognition sequence ENLYFQ|S or G. 
It is often used for the release of affinity tags or the cleavage of fusion proteins.[22] Synthetically 
accessible compounds, like peptides or small molecules, can be easily decorated with aldehydic 
functionalities during the course of synthesis via the introduction of non-natural amino acids or 
chemical building blocks.[23] 
Another well-examined, more promiscuous/universally applicable methodology for the generation of 
N-terminal ketone or aldehyde moieties is the pyridoxal 5`-phosphate (PLP)-assisted biomimetic 
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transamination.[24] The first step of this reaction is the addition of the aldehyde functionality of PLP to 
the N-terminus of the peptide or protein forming a Schiff base that tautomerizes to the respective 
imine derivative. Subsequent hydrolytic cleavage leads to the release of pyridoxamine and the 
corresponding aldehyde or ketone moiety.[24-25] However, the PLP-mediated transamination depends 
on the amino acid at the N-terminus and requires long incubation times and elevated temperature.[24, 
26] Moreover, it exhibits only low to moderate conversion rates.[27]  
The enzymatic generation of aldehydic functionalities via the formyl glycine-generating enzyme (FGE) 
will be discussed in chapter 1.3. 
In the following chapter the bioorthogonal reactions of carbonyl electrophiles will be discussed in 
detail.  
 
2.2.2.  Aldehyde/ketone-based ligation strategies  
Nucleophilic reactions of biomolecules containing aldehyde or ketone electrophiles require a respective 
counterpart, usually hydrazides, thiosemicarbazides, and aminooxy functionalities (figure 2). These 
so-called dynamic covalent-coupling reactions follow a classical imine mechanism under acid catalysis 
yielding respective hydrazones, thiosemicarbazones or oximes.[28] Due to the higher hydrolytic stability 
of the oxime bond, oxime chemistry is often the method of choice.[29]  
 
Figure 2: A) Conjugations involving aldehydes or ketones. B) Catalyzed transamination. 
 
The oxime ligation (figure 2) represents a common ketone/aldehyde-based modification strategy as 
aminooxy compounds exhibit a higher reactivity than hydrazides or thiosemicarbazides.[30] However, 
the oximation has its highest conversion rate at pH 4.5, thus posing a challenge if applied to the 
modification of proteins. Indeed, at such pH many proteins aggregate or even degrade. To overcome 
this handicap, Dirksen et al. made use of an alternative two-step transamination mechanism, applying 
nucleophilic catalysis to dramatically amplify reaction rate at physiological pH. First, similar to a 
classic imine mechanism, aniline (or its derivative) forms a hemiaminal which after dehydration 
undergoes transimination yielding the thermodynamically stable oxime.[31] To date, various 
nucleophilic catalysts have been reported, among them p-aminophenylalanine, p-methoxyaniline, and 
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p-/o-/m-phenylenediamine.[32] Interestingly, p-phenylenediamine has been found a superior catalyst 
compared to aniline due to its high performance over a wide range of pH. Moreover, as it accelerates 
oximation at 4°C as well as at ambient temperature,[32a] it has been applied to a vast number of 
bioconjugations where preservation of structural features was essential.[32b, 33] Recently reported 
carboxylate-driven activation in tandem with nucleophilic catalysis allowed to significantly increase the 
rate of oxime reaction, making oximation of less reactive ketones possible at physiological pH. 
Presumably, formation of hydrogen bonds between a ketone and a carboxylic acid plays a crucial role 
for the nucleophilic addition to the carbonyl group.[31b]  
 
2.2.3. Click chemistry and cycloadditions 
Azide-alkyne cycloaddition 
Another class of orthogonal reactions often applied to bioconjugations are the cycloadditions between 
azide and alkyne moieties. In 2001, K. B. Sharpless et al. introduced the term “click chemistry” 
describing the modular approach to generate new entities by connecting small units via heteroatom 
linkages.[34] Furthermore, they postulated that these so-called “click reactions” had to fulfill certain 
requirements, among them very high yields, the generation of solely harmless byproducts and/or 
stereospecificity.[34]  
The most prominent variant of these pericyclic reactions is the copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC), commonly referred to as “click reaction”, where bioorthogonal alkyne and 
azide moieties react to a 1,4-disubstituted triazole (figure 3A). In the presence of a ruthenium catalyst 
the 1,5-disubstituted product in formed (RuAAC).[35] However, requiring elevated temperatures and 
organic solvents, this reaction does not fully meet the demands of a “click reaction”. 
In the course of metal-catalyzed cycloadditions, severe cytotoxic effects could be expected. For 
example, copper(I) promotes generation of reactive oxygen species (ROS) from molecular oxygen, thus 
limiting the scope of CuAAC to non-living systems.[36] Therefore, several approaches have been 
developed over the last years to circumvent this problem, among them the synthesis of water-soluble 
copper-complexing agents preventing the formation of copper species in higher oxidation states (e.g. 
TBTA, THPTA or BTTAA),[37] the development of copper-chelating azides[37b] or the introduction of 
strain-promoted “click” compounds allowing to discard metal catalyst.[38] Though lacking 
regioselectivity, the strain-promoted azide-alkyne cycloaddition, SPAAC, is driven by ring strain of an 
unsaturated carbocycle, usually cyclooctyne, and does not require catalysis. SPAAC has already been 
applied to the covalent modification of living cells,[39] the labeling of RNA,[40] DNA[41] or peptides for 
PET imaging.[42] As an alternative, the so-called traceless (azide) Staudinger ligation makes use of 
triarylphosphines reacting with an azide to an amide-linked product (figure 3D).[43] 
Though the required azide or alkyne functionalities are not present in natural biomolecules, they can 
be introduced genetically by non-natural amino acids,[44] postsynthetically via the ligation of azide-
modified linker molecules[45] or via an aqueous diazotransfer on inherent amines.[46]  
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Figure 3: Overview of the most common “click reactions” involving azides. 
 
Inverse electron-demand Diels-Alder reaction (DARinv) 
What most of the previously described methods have in common is the requirement of a catalyst like a 
metal salt (CuAAC, RuAAC), an acid (oxime or hydrazine ligation), or a nucleophile (catalyzed 
transamination). Over the last decades, the introduction of catalyst-free bioorthogonal reactions has 
brought the chemical modifications of biomacromolecules to a new level of sophistication. However, 
widely applied to modification of biomolecules SPAAC has a shortcoming in terms of regioselectivity. 
A very powerful method, devoid of mentioned drawbacks, is the inverse electron-demand Diels-Alder 
reaction (DARinv) of electron-deficient heterocycles.[47] This reaction involves a tetrazine diene bearing 
residues with a –I and/or a +M effect decreasing the electron density, and a dienophile containing a 
residue with a +M effect increasing electron density, among them Reppe anhydride,[48] norbornene,[49] 
transcyclooctene or transcyclooctyne derivatives.[50] It follows a concerted mechanism possessing 
second-order kinetics, with the reversible cycloaddition between the tetrazine and the dienophile being 
the rate-determining step (figure 4).[47, 48b] The DARinv represents an attractive method for the 
conjugation of biomolecules since it is compatible with organic solvents as well as with aqueous media, 
exhibits fast reaction rates, tolerates a broad range of biological functionalities and is irreversible due 
to the loss of molecular nitrogen, which is the only byproduct.[50a, 51] Moreover, due to the optical 
properties of the tetrazine derivatives (absorbance maximum around 500-540 nm) the reaction 
progress can be monitored photometrically.[47, 50c, 52] So far, it has been explored extensively for the 
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introduction of radiolabels to antibodies or hormones,[53] for the modification of DNA, RNA or PNA,[48c, 
54] the fluorescent labeling of living cells,[50b] derivatization of peptides[55] as well as in animal model 
studies,[56] thus demonstrating its versatile applicability and biocompatibility. 
 
 
Figure 4: Reaction scheme of the inverse electron-demand Diels-Alder reaction involving a tetrazine as diene.  
Modified after Knall et al. [47] 
 
 Enzyme-promoted bioconjugations: Sortase A 
Next to chemical modifications, the development of enzyme-mediated approaches to bioorthogonal 
ligations has been in the scientific spotlight as well. Naturally occurring enzymes which are known to 
modify the cell walls,[57] catalyze the splicing process[58] or crosslink proteins[59] have gained more and 
more attention over the past years. Their original function was utilized for the functionalization of 
biomacromolecules, among them proteins, peptides, DNA and RNA.[10] 
One of the prominent examples of such enzymes is the calcium-dependent transpeptidase Sortase A 
(SrtA) derived from the gram-positive bacteria Staphylococcus aureus. In Nature, it catalyzes the 
covalent linkage of surface proteins to the bacterial peptidoglycan cell wall.[57] To be recognized by 
SrtA, the conjugation partners need a conserved C-terminal LPXTG-OH motif, with X representing any 
canonical amino acid, and the respective oligoglycine counterpart.[60] During surface attachment of the 
proteins, Sortase A catalyzes the cleavage of the peptide bond between threonine and glycine of the 
recognition tag with a subsequent formation of a new amide bond between the carboxylic end of 
threonine and the N-terminus of the oligoglycine.[61] Recent studies have demonstrated that the Ca2+ 
ions are required for the activation of the enzyme, since they are complexed by glutamates of the 
β3/β4 pocket in spatial proximity to the active site, thereby provoking a structural fluctuation of the 
6/7 loop between an open, flexible state and a closed, binding form (figure 5).[62] 
The active site of Sortase A comprises the side chains of cysteine 184, histidine 120 and arginine 197 
(figure 5), with that of C184 being essential for the catalytic activity as the thiolate enables the 
nucleophilic attack on the carboxylic group of the threonine to yield a thioester enzyme-substrate 
intermediate. Subsequently, a new amide bond is formed between both peptidic recognition motifs 
(figure 6).[62b, 63]  
Due to mild reaction conditions and fast kinetics, SrtA-assisted ligation has been used in a number of 
conjugation approaches involving the generation of antibody-drug conjugates,[64] surface 
modifications,[65] peptide or protein conjugations [66] or even the surface labeling of live cells.[67]  
Recent research is focused on improving the catalytic activity and altering substrate selectivity of 
Sortase A.[68] It has been discovered that truncation of up to 59 N-terminal amino acids has no effect 
on catalytic activity. The so-called evolved variant of Sortase A, eSrtA, has been recently generated that 
possessed five mutated amino acids and exhibited a 40-fold increase in LPETG-coupling activity as well 
as faster reaction kinetics compared to the wild-type enzyme.[69] Moreover, sortase variants with 
different substrate specificity were generated, with respect to simultaneous orthogonal applications.[70]  
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Fig. 5: Crystal structure of Sortase A with the catalytic 
center comprising histidine 120, cysteine 184 and 
arginine 197 and the residues from 3/4 and 6/7 
loop complexing a Ca2+ ion. Modified after PDB 
database entry 2KID. [71] 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure. 6: Proposed reaction mechanism 
of Sortase A catalysis. 
 
Alternative enzyme-mediated ligation methods reported so far involve e.g. the formylglycine 
generating enzyme (FGE) derived from Mycobacterium tuberculosis,[72] which recognizes a 
pentapeptidic motif CxPxR (x stands for any amino acid) and specifically converts the cysteine into an 
aldehyde-bearing formylglycine, which can then be addressed by hydrazides or aminooxy groups.[73] 
Usually, the recognition sequence is genetically encoded and the protein of interest is produced 
recombinantly. FGE can either be co-expressed, oxidizing the cysteine in the cell, or it can be expressed 
separately altering the cysteine after isolation of the respective protein.[73] 
Further developments of enzymatic conjugation strategies include split inteins which have been used 
for the labeling of proteins,[74] immobilization of proteins on solid support,[75] macrocyclization of 
proteins and peptides,[76] lipoic acid ligase (LplA) that catalyzes the attachment of lipoic acid moieties 
to alkyl derivatives[77] or transglutaminase (TGase) that promotes the attachment of primary amines to 
biomolecules containing a glutamine-bearing recognition sequence.[78] 
 
 Scaffolds and Ligands 
“Though the term 'scaffold' is used broadly in chemistry, the precise meaning of the word is context- and 
chemist-dependent.”[79] In Biochemistry and related disciplines, as well as in this work, the term 
“scaffold” is used to describe a defined (nano-)molecular construct, serving as a template or platform 
for the covalent immobilization and/or oligomerization of biomacromolecules of different size and 
complexity. Over the last years, defined multifunctional scaffolds of high symmetry have gained 
 
3/4 loop with E105, 
E108, D112, N114 in cyan  
Cys184 
Arg197 
His120 
Ca2+ 
6/7 loop with 
E171 in red 
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increasing biomedical and biosynthetic attention.[80] A vast number of small organic molecules with 
diverse structure, flexibility and valence, among them cubane,[81] porphyrins,[82] calix[4]arene,[83] 
adamantane[84] or even cyclic decapeptides,[45a] (figure 7) has been reported to date. In addition, 
biodegradable and sustainable polymeric scaffolds, e.g. cellulose and its nanocrystalline variants, have 
been in the focus of scientific attention as they often show low toxicity and are compatible with 
aqueous milieu. Due to these properties, such scaffolds have emerged as a powerful tool for the 
synthesis of well-defined customized constructs with particular orientation of ligands, among them 
proteins, peptides, toxins, dyes or radioactive labels.[85] In general, biological compatibility, low toxicity 
and number of reaction sites along with application purposes and geometry play a major role upon the 
choice of a scaffold.  
 
Figure 7: Symmetric scaffold cores. Modified from PDB database entries 1EM0 and 3TYI.[86] 
 
2.4.1. Cellulose nanocrystals (CNC) 
Cellulose, the most abundant natural building block in the biosphere,[87] was isolated and 
characterized by the French chemist Anselme Payen in 1838.[88] In Nature, it is synthesized by plants, 
bacteria, sea animals, fungi, and amoebae.[89] The cellulose polymer consists of β-1,4-linked D-
glucopyranose units forming a linear homopolysaccharide (figure 8). These cross-linked microfibrils 
congregate to cellulose fibers.[90] 
In recent years, the nanocrystalline modification 
of cellulose has gained growing scientific 
attention as it possesses fascinating mechanical, 
optical, chemical, and rheological properties.[91] 
Already in 1920, the Swedish scientist Bengt 
Ranby described the “liberation of crystallites” 
via the treatment of native cellulose fibers with 
strong acids.[92] Even today, cellulose nanocrystals (CNCs) are primarily obtained from cellulose 
microfibrils or microcrystalline cellulose using the acidic hydrolytic cleavage of the lower-ordered 
amorphous regions (figure 9).[87, 93] Depending on the cleavage conditions and the cellulose origin, the 
formed whisker-shaped nanocrystals exhibit a length of approximately 0.1-1µm (figure 10).[87, 94]  
 
 
Figure 9: Schematic representation of the generation of cellulose nanocrystals. 
 
Figure 8: Structural units of cellulose. 
 
 14 
 
 
 
 
Figure 10: Atomic force micrograph of nanocrystalline 
cellulose whiskers (left) with the corresponding height profile 
(right). 
 
Furthermore, the surface-exposed primary hydroxyls can be selectively converted into their respective 
aldehydes or carboxyl groups upon TEMPO(2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated oxidation 
(figure 11).[95] Depending on the oxidation conditions, a mixture of both oxidation products can be 
generated, whereby the ratio of carboxylic-to-aldehydic groups is determined by electric conductivity 
titration. The resulting functional groups can be selectively addressed in a broad range of chemical 
modifications (see chapter 1.2.2.). Depending on the application purpose, the surface modifications 
can be either of covalent or non-covalent (adsorption-driven) nature.  
 
 
 
 
 
 
 
 
 
 
 
Figure 11: TEMPO-mediated oxidation of 
cellulose. Modified after Carlsson et al. [96] 
 
So far, CNCs have found numerous applications, e.g. in nanocomposites such as films, hydrogels or 
biopolymers, as template materials for the generation of hybrid catalysts or biosensors, and medical 
drug carriers for therapeutic and diagnostic purposes.[97] Additionally, due to their intrinsic nanoscale 
dimensions combined with a large surface area and a highly ordered structure, CNC is an excellent 
scaffold candidate for biological, biochemical, or biomedical applications. Furthermore, CNCs exhibit 
water-compatibility, are biodegradable, low-toxic, bioavailable, and inexpensive.[98] Recently, it has 
been shown that, depending on their surface charge, CNCs can also enter the membrane of human 
cells.[99] This makes CNCs an attractive scaffold for drug delivery and deposition.[99-100] Indeed, these 
polysaccharide compounds have been employed as grafting platform for various drugs, e.g. 
doxorubicin and tetracycline, which are released within the cell due to disruption of the electrostatic 
interactions,[101] as well as hydroquinone for topical medication and the treatment of 
hyperpigmentation,[102] or folic acid for cancer targeting.[103] The immobilization of enzymes and 
proteins has been reported as well.[104] 
 
2.4.2. Cube-octameric silsesquioxanes (COSS) 
As mentioned above, scaffolds of high symmetry providing multiple reactive functionalities have 
evolved as templates for the presentation of molecular domains of biological relevance.[80a] 
To date, the cube-octameric silsesquioxane (COSS) scaffold [R(SiO1.5)]8 (R = organic residue) 
represents the smallest known nanoparticle with a core size of approximately 0.5 nm.[105] The rigid 
siloxane core enabling its high symmetry can be easily synthesized via controlled hydrolytic 
condensation of the respective organotrichlorosilanes.[105-106]  
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Due to their biocompatibility, COSS have been in the center of scientific attention with respect to 
biomedical applications. Today, these nanoparticles as well as their monomers possessing different 
chemical modifications and functional groups are commercially available (Hybrid Plastic Inc.).[107] Low 
toxicity of COSS made them excellent candidates for the generation of nanocomposites, particularly in 
combination with polymers. For example, POSS (polyhedral oligomeric silsesquioxanes) in 
poly(carbonate-urea)urethane (PCU) are used in cardiovascular applications and tissue 
engineering.[108] Additionally, due to their multiple reaction sites and, depending on the flanking 
functional groups, cell-penetrating properties, they have high potential as drug carriers or drug 
delivery vehicles.[109] In 2013, the COSS particle bearing seven ammonium groups has been found to 
be cell-penetrating.[109a] Moreover, it has been successfully applied for the delivery of a peptidic cargo 
into the nucleus of living HeLa cells.[109a] Nevertheless, it has to be considered that the stability of 
COSS particles is highly dependent on their environment: the nature of the solvent, the presence of 
nucleophiles and the character of the corner modifications. However, for the application as a drug 
delivery unit the instability poses an advantage as the drug can be easily released inside the cell. 
 
 
Figure 12: Chemical structure of the COSS core with potential functional groups (left) and cell-penetrating single-corner 
cysteine-modified heptaguanidinium COSS (right). 
 
2.4.3. Anthracycline antibiotic doxorubicin 
Doxorubicin (DOX) also referred to as Adriamycin or hydroxyldaunorubicin (figure 13, middle) is a 
cytotoxic anthracycline antibiotic isolated in 1967 from a mutated strain of the bacteria Streptomyces 
peucetius, namely Streptomyces peucetius var. caesius.[110] It is used in antimitotic chemotherapy for the 
treatment of Hodgkin disease, non-Hodgkin lymphoma, leukemia and various other cancers.[111]  
Figure 13: Chemical structure of daunomycin (left) and doxorubicin (middle). Right: Intercalation of doxorubicin (shown in 
red) with a single-strand DNA sequence CGATCG after PDB file 1D12.[112] (dC in light green, dG in light blue, dA in dark green 
and dT in dark blue.) 
 
Previously, Streptomyces peucetius was discovered to produce daunomycin (DNR), the dehydroxylated 
derivative of doxorubicin (figure 13, left), which was also applied to the treatment of acute leukemia 
and lymphoma. Although it is supposed that the cytotoxicity of doxorubicin and daunomycin arises 
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from their intercalation with DNA (figure 13, right), thereby inducing DNA damage and the 
interference with the enzyme topoisomerase II inhibiting DNA replication, the exact mode of action 
still remains controversial.[113] However, both very potent and effective anticancer drugs were found to 
evoke severe dose-dependent cardiotoxicity.[114]  
Doxorubicin, like most drugs of small size, is only capable to penetrate cells or tissues via passive 
diffusion.[115] Therefore, distribution occurs almost indiscriminately to organs and tissues. Moreover, as 
doxorubicin is known to be accumulated preferentially in the heart, cardiotoxicity is its dose-limiting 
factor.[116] Despite extensive research, doxorubicin cardiomyopathy is still the major adverse effect 
with a mortality of approximately 50%, once congestive heart failure has developed.[117] Additionally, 
due to its small size free doxorubicin exhibits fast renal clearance and short plasma half-life. The 
formulation in PEGylated nano-liposomes, namely Doxil®, the first FDA-approved nanodrug (1995), 
prolonged the half-life as well as blood circulation.[118]  
To overcome the limitations and side effects associated with free doxorubicin, namely, the toxicity on 
noncancerous cells within the body,[115] cardiotoxicity and nephrotoxicity,[119] several conjugation 
approaches have been developed over the past decades, involving formulations with albumin-
conjugated liposomes,[119-120] ADCs,[121] hydrogels,[122] dendrimers[123] or combinations of the 
mentioned methods. A very recently reported study involves the liposomal coencapsulation of 
doxorubicin with listeriolysin O.[124] Although this formulation enhanced the nuclear targeting in 
certain carcinoma cell lines, it is supposed to be highly immunogenic.[124-125] 
Due to the fact that doxorubicin, its mode of action as well as its administration and distribution, have 
been extensively studied and analyzed, it is often used as a proof-of-principle/standard drug for 
cellular delivery experiments. 
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3. Summary & Outlook 
To date, a vast number of chemical reactions compatible with bioinspired, bioengineered, and 
biomimetic molecules has been elaborated in response to the demands of the steadily growing 
repertoire of conjugation techniques. However, the choice of the suitable approach from the toolbox of 
these so-called bioorthogonal methods still remains case-sensitive. Therefore, the central goal of the 
presented cumulative work was the design and elaboration of new combined orthogonal 
bioorthogonal[1] synthetic strategies comprising the combination of certain chemo- and site-selective 
reactions, and their application to the generation of macromolecular conjugates with tailor-made 
properties. For each hybrid construct a customized bioorthogonal synthetic strategy was developed, 
carefully considering the intrinsic properties, special requirements, and distinct constraints of the 
reaction partners. A vast number of compounds from different molecular classes were investigated, 
ranging from rather small cytotoxic drugs, oligopeptides and highly ordered cube-octameric 
silsesquioxanes (COSS) to crystalline nanocellulose and full-size functional proteins. The results of the 
cumulative research are summarized in scheme 1.  
The first study (Angew. Chem. Int. Ed., 2014, 53, 12618-12623) addressed the development of a site-
directed, bioorthogonal and modular approach towards the immobilization of biomolecules on a 
crystalline nanocellulose (CNC) platform (scheme 1, top). The ultimate goal was the covalent 
chemoselective coupling of bioactive proteins to the surface of CNC – a sustainable, nature-derived 
macromolecular compound. These constructs should combine the properties of the immobilized 
biomolecules with the intrinsic characteristics of the cellulose nanocrystals, such as low toxicity, water- 
and biocompatibility as well as obvious advantages given by their nanosize.  
The challenge of this investigation was to circumvent the general drawbacks of commonly used protein 
conjugation methods, with respect to enhanced selectivity and operability under physiological 
conditions in aqueous milieu. To that end, a generic two-step procedure was developed that implied a 
set of solely efficient orthogonal reactions, avoiding the need of organic solvents and compatible with 
physiological systems. Making use of efficient oxime ligation and subsequent sortase-mediated 
conjugation, the synthetic strategy exhibited the required regiospecificity and biocompatibility, which 
favored its application to a vast number of functional proteins. Thus, following TEMPO-mediated 
oxidation of CNC hydroxyls, first a small fluorophore moiety was immobilized, enabling the detection 
of aminooxy-addressable surface aldehydes. Subsequently, oximation with the peptidic linker was 
established leading to sortase-addressable sites on CNC carrier. Afterwards, the enzyme-mediated 
surface immobilization proceeded using three proteins of different classes, diverse size, complexity and 
bioactivity under preservation of their biological function.  
In this work, an engineered Sortase A (eSrtA) variant was used as it exhibited improved catalytic 
properties. Moreover, it has been demonstrated that the well-defined orientation of the proteinaceous 
ligands ensured by the site-selective coupling resulted in an enhanced, compared to randomly grafted 
proteins, bioactivity. Taken these findings into account, it could be concluded that sustainable 
nanosized biomaterials represent excellent platforms for the customized immobilization of high-profile 
macromolecules for biomedical purposes, drug delivery or deposition. It might even be interesting to 
investigate their applicability as platforms for the immobilization of proteins of interest with 
subsequent application in affinity chromatography. 
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Scheme 1: Overview of the scaffold-ligand pairs and the respective ligation strategies developed for the generation of the 
desired conjugates. 
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The second study (Chem. Commun., 2015, 51, 11130-11133) was devoted to the development of a 
synthetic strategy for the ultimate generation of a hybrid organic-inorganic construct comprising one of 
the smallest known cube-octameric silsesquioxane nanoparticle and a functional peptidic counterpart 
(scheme 1, middle). Synthesis design, especially considering the choice of an appropriate 
bioorthogonal method, proceeded from a premise that COSS core is not stable in the presence of 
nucleophiles. In the proof-of-concept experiments, the applicability of a modular synthetic approach 
combining generation of an N-terminal peptide aldehyde, efficient oxime ligation and inverse electron-
demand Diels-Alder reaction (DARinv) was demonstrated upon conjugation of linear, cystine-cyclized, 
and multi-disulfide functional peptides of diverse size. Further the strategy was expanded to the 
synthesis of constructs with more sophisticated architecture.  
In the scope of this work the DARinv was chosen for the synthesis of the bioconjugates containing 
peptides of different length, molecular complexity and biological properties due to its reported 
biocompatibility and fast reaction kinetics.[52] Moreover, this particular reaction has the advantage that 
its second step is irreversible due to the loss of molecular nitrogen, which shifts the equilibrium 
towards the product formation.[126] To achieve orthogonally addressable sites, the synthesized building 
blocks contained an aminooxy moiety in a combination with a tetrazine or Reppe anhydride, 
respectively. These bifunctional units appeared easy accessible and were installed into a variety of 
molecular constructs without compromising their structural features. Successive transformation using 
the DARinv yielded defined conjugates with good to quantitative conversion. The modularity of this 
synthetic two-step procedure offers the advantage that, once the DARinv moiety has been installed into 
the molecule of interest, it can react with every desired counterpart. It is feasible for the generation of 
peptidic conjugates, including synthetic peptides as well as the recombinant ones.  
 
The third study discussed in the course of this thesis (Angew. Chem. Int. Ed., 2016, 55, 14842–14846) 
was aimed on the elaboration of a synthetic strategy towards hybrid organic-inorganic cube-octameric 
silsesquioxane derivatives and their application as a scaffold upon construction of a cell-penetrating 
delivery system (scheme 1, bottom). This sophisticated construct should be equipped with a cytotoxic 
drug releasable upon cellular uptake. The restrictions of COSS template considering its stability issues 
should be taken into account as well. In the preceding study, the cell-penetrating properties of 
ammonium-functionalized COSS nanoparticles and their accumulation in the nucleoli have been 
demonstrated.[109a] Based on these findings, the next step was the engineering of additional COSS 
particles bearing positively charged flanking arms, and investigation of their cell-penetrating features. 
The delivery of a therapeutic cargo in the living cell should proof the viability of this new-generation 
molecular transporter. 
In the scope of this study it was shown that engineered guanidinylated COSS nanoparticle (GuCOSS) 
exhibited much higher and faster cellular uptake than the respective commonly used cell-penetrating 
peptides (e.g. TAT, penetratin, hepta- and decaarginine). This efficacy (78-fold more potent as 
heptaarginine bearing the same sort and amount of charged groups) can be rationalized taking into 
consideration the significantly smaller size and, therefore, higher charge density around the COSS 
core. 
Interestingly, our novel cell-permeation module appeared rather promiscuous to targeted cells. Indeed, 
an efficient cellular uptake was observed in different species, among them Gram-negative bacteria 
(Escherichia coli), yeast (Saccharomyces cerevisiae), and archaea (Sulfolobus islandicus, Sulfolobus 
tokodaii, Halobacterium salinarum) as well as in human cancer cell lines. As the uptake was only 
negligibly reduced at 4°C, compared to that at 37°C, an energy-independent mechanism was proposed. 
Moreover, the COSS core degrades inside the cell and the components themselves are predicted to 
exhibit non to low toxicity. This expectation was corroborated upon thorough analysis of the cellular 
uptake, toxicity, and degradation of a GuCOSS module. 
The therapeutic drug doxorubicin was chosen as proof-of-concept cargo for intracellular delivery as, 
being applied solely, it can only enter the cell slowly via passive diffusion. Therefore, doxorubicin was 
conjugated to a highly efficient cell-penetrating heptaguanidinylated COSS nanoparticle. To that end, 
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the respective octaammonium COSS derivative was single-corner equipped with a cysteine. Subsequent 
guanidinylation of the remaining amines followed by disulfide bond formation with an aldrithiol™-2-
modified doxorubicin resulted in a cell-penetrating module carrying a releasable cytotoxic cargo. 
Indeed, the disulfide bridge breaks in the reducing milieu of the cytoplasm, thus liberating the active 
drug. The cytotoxicity studies of the hybrids showed an enhanced toxicity of the conjugate compared 
to the free compound. Moreover, due the fast cellular uptake, the incubation time was significantly 
reduced. As there are plenty of drugs lacking cell permeation and/or water solubility, e.g. hygromycin, 
ispinesib etc., the GuCOSS-based molecular transporter can open new avenues towards facilitated 
cellular uptake of these therapeutics. 
 
Taken together, the outcome of this cumulative research contributes to the toolbox of modern 
bioorthogonal methods in view of applicability, versatility, reliability, and compatibility with complex 
molecular architectures irrespectively on their natural or manmade origin. Moreover, combination of 
traditional chemistry with modern biocompatible ligation methods, among them enzyme-assisted 
transformations, expand the spectrum of bioorthogonal conjugation strategies. 
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